We have developed retinal prosthetic devices based on suprachoroidal-transretinal stimulation (STS). The effectiveness and safety of such novel devices are con rmed by in vitro and in vivo tests based on scienti c knowledge. Animal testing is especially important because it demonstrates the total safety of the device. We successfully developed a long-term evaluation system with automatic stimulation and measurement of electrochemical characteristics in freely moving rabbits. This system allows evaluation of long-term safety and change in electrochemical characteristics. In addition, we conducted a pilot evaluation of the safety of STS using bullet-shaped electrodes in rabbits. No obvious injuries were observed in all examinations. However, the array moved away from the retina in a few rabbits. Visual and electrical evoked potentials (EEPs) were recorded after three-month implantation. The function of the retinal neurons around the electrode is assumed to be maintained because EEPs were observed after three-month stimulation. However, the evoked potentials become indistinct with time in some rabbits. The development of implantable recording electrode capable of long-term evaluation is necessary for assessing the function of retina exposed to electrical stimulation. Long-term safety and change in electrochemical characteristics can be con rmed easily using this system. No histological difference was observed between the active and inactive electrodes, suggesting that the amount of charge used in the study can be safely injected. The charge injection capacity (CIC) of these electrodes provides an indication of the safety threshold for STS. The electrode array should have a curvature to t the eyeball to avoid movement of the array away from the retina. The electrode height is slightly greater compared to the sclera thickness. Accordingly, methods to enhance the CIC vs. geometrical surface area are required if the electrode height is reduced. We were able to obtain an indication of the required performance for the stimulation electrode based on the safe charge injection for STS (CIC of approximately 90 μC/cm 2 in PBS) and establish a system capable of evaluating safety and durability of retinal prostheses for long-term stimulation.
Introduction
Loss of sight caused by retinal degeneration is a life-altering health problem for many patients. Recent developments in retinal prostheses are expected to help counter this problem to a great extent [1] . We developed retinal prosthetic devices based on suprachoroidal-transretinal stimulation (STS) [2] . Clinical trials of the device are generally performed after ensuring that a prosthetic device satis es safety requirements and con rming its predicted effectiveness. The general requirements and recognized hazards for medical devices have already been provided by standards or regulations. However, the effectiveness and safety requirements for novel medical devices developed based on a new principle are not clearly stated. The effectiveness and safety of such devices are con rmed by in vitro and in vivo tests based on scienti c knowledge. Animal testing is especially important because it demonstrates the total safety of the device. This study aims to obtain results of a pilot safety evaluation of STS using bullet-shaped electrodes, by developing a system that can evaluate safety for chronic implantation and stimulation. Figure 1 shows the schematic view of the system that we developed for the evaluation of safety and durability of retinal prostheses. The custom stimulator designed by us generates stimulation pulses with a charge-balanced biphasic current. The maximum driving voltage of the stimulator is ± 15 V. The start and suspension of stimulation are automatically switched by the programmable logic controller (PLC) (DR3-B261BD, Digital Electronics). The electrode potential increases exponentially after an instantaneous rise during adaptation of the constant-current stimulation pulse, because electrode impedance consists of resistance and capacitance components. Normally, the maximum potential during adaptation of the stimulation current is within several volts. The output voltage of the stimulator saturates at the maximum driving voltage, if cable disconnection or abnormal stimulation occurs. A digital recorder (GR-3500, KEYENCE) is used to monitor the saturated driving voltage to detect these failures by observing the stimulation pulse voltage. The wire connection between the external apparatus and the backpack placed in the pocket of a rabbit jacket (BJ02/JP01, Biomedical) is established through a slip ring (T-6, Tosoku) mounted on the top panel of the cage. The backpack has a rotatable connector and a cable guard spring (no. 24-083, Sanimi) with a length of 45 cm (Fig. 2) . The spring can be put in/out easily in conjunction with movements of the rabbit s head. The 20-cm cable guard spring (no. 26-085, Sanimi) between the slip ring and the backpack is suitable for the experiments. These parts permit the rabbit to move quickly and freely in the cage without breaking the conductive wires. Connection with the stimulation electrode and the counter electrode is established via a circuit board mounted on the rabbit s skull (Fig. 3) . In addition, the PLC can automatically control the potentiostat with a frequency response analyzer (FRA) (AUTOLAB PGSTAT32, Metrohm). Figures S1, S2 , and S3 show the schematic diagram of the circuit for the measurement, the relay ladder logic (RLL) of the PLCs, and the ow chart of the program to control of the input/output ports of the FRA, respectively. Automatic measurement of electrochemical impedance spectrogram (EIS) of each electrode when stimulation is suspended provides detailed temporal changes of the electrode characteristics [3] . The system allows experiments with up to 16-channel stimulation electrodes for three rabbits at one time.
Methods

Evaluation system
Stimulation electrode
An electrode array with three bullet-shaped platinum (Pt) electrodes was developed for this study (Fig. 4) . The electrodes are made from a 1-mm diameter Pt bar using a micro lathe machine [4] . The diameter and height of each electrode are both 0.5 mm. The electrodes have termination points in the shape of a band made of stainless steel [ Fig. 4(b) ]. These electrodes have helically coiled leads to protect the wire from breakage. The termination point allows easy connection with the terminal (MM-1-1, Shindenkizai) on the intermediation board mounted on the head [ Fig. 3(b) ]. The electrode array is inserted into the scleral ap of a Japanese white rabbit. The methods of installing the electrode array are as follows. After conjunctival incision, the inferior rectus and the inferior oblique muscle are cut to expose the inferior surface of the sclera. A scleral pocket is then created just over the visual streak. The stimulation electrode array is inserted into the ap, and the lead is sutured for xation [ Figs. 4(e) and S4] . A counter electrode (7 mm in length and 0.5 mm in diameter) made of Pt is inserted into the vitreous body via the pars plana. Charge-balanced cathodic-rst biphasic pulses (1 mA amplitude, 0.5 ms duration, and 50 Hz repetition frequency) are applied to two of the three electrodes in the array for 8 h/day for a period of 12 weeks.
Animal testing
Six rabbits were used. A rabbit was anesthetized using iso urane (Forane, AbbVie) with oxygen ow of 0.5 L/s. The iso urane concentration was adjusted at 2.4% at expiration using an anesthetic apparatus (NS-3000, Acoma) and a biological information monitor (BP-608EV, Nihon Colin). Fundus photography (FP) (RetCam, Nidek) and optical coherence tomography (OCT) (RS-3000, Nidek) were performed at regular intervals. Visual evoked potentials (VEPs) and electrical evoked potentials (EEPs) were obtained at the end of testing using bio-ampli ers (MEG-6116 and AB-611J, Nihon Kohden) and an induction potential research program (EpLyzer II, Kissei Comtec). The recording electrodes (6 mm in length and 0.5 mm in diameter) made of Pt were implanted in the skull at 9 mm anterior and 6 mm lateral from the lambdoid suture [5] . The inactive electrode [M2 × 8 mm stainless screw (AM-2-8, Unique medical)] was implanted at the bregma. The reference electrode [dish electrode made of silver chloride (NE-103A, Nihon Kohden)] was placed on the ear auricle. The electrodes implanted for evoked potential recording were placed at the same time of stimulation electrode implantation. The average VEPs for 32 times were recorded with 20 J ash stimuli presented 30 cm in front of the eye using a ash stimulation device (SLS-3100, Nihon Kohden). The average EEPs for 1000 times were obtained using a custom stimulator designed by us using cathodic-rst (CF) biphasic constant current pulses with 1.2 mA amplitude, 1 ms duration, and 2 Hz repetition frequency. At the end of testing, the stimulated eyes were enucleated and xed in a mixture of 1.5% glutaraldehyde and 3% paraformaldehyde. After dehydration and embedding in paraf n, sections were cut and stained with hematoxylin and eosin. The sections were observed using an optical microscope (OPTIPHOT2, Nikon). This study was approved by the institutional animal care and use committee of Nidek Co., Ltd. All experiments were conducted in accordance with the Association for Research in Vision and Ophthalmology statement for the use of animals in ophthalmic and vision research.
Results
Chronic stimulation and EIS measurement could be performed automatically using the new system. Figure 5 shows temporal changes of electrode impedance at a frequency of 1 kHz with 10 mV rms constant voltage, extracted from the typical EIS result. The electrode impedance ranged from 2 to 3 kΩ during the stimulation period. The electrode impedance decreased simultaneously when electrical stimulation was started, and increased after the stimulation was terminated. A slight increase in impedance at 1 kHz frequency was observed for the duration of the stimulation. Figure 6 (a) shows a typical FP after three-month stimulation. No obvious injuries caused by electrode array implantation and stimulation were observed in all examinations. The location of the electrode array could be identi ed by dimming the illumination of the FP apparatus [ Fig. 6(b) ]. Figure 7 presents an OCT image of the same rabbit used in obtaining Figure 6(a) . A compression of the choroid by the lead of the electrode array was found. However, injury caused by the compression was not observed. Meanwhile, compression by the stimulation electrodes was not observed in all the rabbits. The counter electrode inserted Advanced Biomedical Engineering. Vol. 6, 2017. at the pars plana was observed in a few rabbits. Avoiding drying of the cornea during electrode implantation is recommended because the opaci ed cornea complicates observation of the ocular fundus by FP and OCT. Histological examination showed no obvious injury of the retinal tissue caused by electrode implantation and electrical stimulation [ Figs. 8(a) and (b) ]. Encapsulation by 50-μm thick connective tissue caused by in ammatory response was observed at the interface between the electrodes and the scleral tissue. Histological ndings of the tissue surrounding the electrodes did not differ regardless of application of stimulation current. The electrode array shifted away from the retina in a few rabbits [ Fig. 8(c) ]. Figure 9 shows the VEP and EEP recorded after threemonth implantation. Visual or electrical stimulation was applied at time zero. The electrical stimulation directly stimulates ganglion cells. The difference in the latency between the EEP and the VEP re ects the processing time for transmission of photo-induced nervous signals from the photoreceptor cells to the ganglion cells. Regarding the EEP response, the electrically stimulated region of the retina via the miniscule stimulation electrode is very focal. On the other hand, the ash used to obtain VEP stimulates the full visual eld. Full eld stimulation by the ash induces a very wide and strong evoked potential. Therefore, the VEP amplitude is very large compared to the EEP amplitude. The absence of marked difference in VEP between before implantation and after stimulation indicated no broad injury caused by electrode implantation and stimulation. In addition, the function of the retinal neurons around the stimulation electrode was preserved because EEP was observed after stimulation for three months. However, the evoked potentials became indistinct with time in some rabbits.
Discussion
The EIS measurement generally requires a long acquisition time. The system that we developed allows automatic and easy measurement of EIS over long periods of time. Examination of detailed temporal changes in EIS characteristics of the stimulation electrode allows evaluation of the response of the tissue around the electrode array and the stimulation electrode stability [6] . Some reports have described variation in impedance following Fig. 7 OCT image of the same rabbit used for obtaining Fig. 6(a) . A compression of the choroid by the lead was found. However, injury caused by this could not be observed. No obvious injury of retinal tissue was found. Encapsulation by connective tissue less than 50 μm in thickness was observed. There was no difference in histological ndings of the tissue surrounding the electrodes between active and inactive electrodes. Shifting of the electrode array away from the retina was observed in a few rabbits (c). 
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electrode implantation or stimulation [7, 8] . The voltage required for driving the constant current of the implant device can be estimated from the electrode impedance of approximately 3 kΩ. Slight impedance increases probably re ect encapsulation by connective tissue. No obvious injuries were observed from the results of FP and histological assessment in the entire study. Meanwhile, encapsulation as a result of in ammatory response was found. However, this response should not affect the retinal neurons because the thickness of the connective tissue was less than 50 μm. In a few rabbits, the electrode array shifted away from the retina. The electrode array should have a curvature to t the eyeball to prevent the array from moving away from the retina. For this purpose, the electrode height should be slightly greater compared to the sclera thickness. We con rmed that an electrode 300 μm in height was suitable for clinical use. Methods to enhance the charge injection capacity (CIC) vs. the geometrical surface area are required if the height of the bullet-shaped electrode is reduced. We already proposed or adopted the method for enhancing the CIC of Pt stimulation electrode [9] [10] [11] [12] . The very long length of the counter electrode was liable to cause damage to the lens. The appropriate length was considered to be 3 mm.
The results of the assessments of evoked potential indicate that the function of the retinal neurons exposed to the stimulation current was preserved. However, stable measurement of evoked potentials for temporal evaluation could not be achieved in some rabbits. The sharp and ne tip of the recording electrodes used in this study scratched the brain tissue, inducing encapsulation by connective tissue, which caused deterioration in performance of the recording electrodes [13] . Long-term evaluation of whether the functions of retinal neurons are injured by the stimulation current requires stable recording electrodes such as cortical electrode [14] .
No difference exists between the active and inactive electrodes, suggesting that the amount of charge used in the study can be safely administered in this condition. The CIC of these electrodes [88.9 μC/cm 2 in phosphate buffered saline (PBS)] provides an indication of the safety threshold level for STS [4] .
Conclusion
The long-term safety and change in electrochemical characteristics can be evaluated easily by using the system described in this report. Furthermore, the system allows more detailed animal testing compared to the evaluation provided in the Food and Drug Administration (FDA) guideline [15] . In addition, this system is applicable to other devices with brain-machine or direct neural interface. Safety of the electrical stimulation at a low intensity used in this examination was con rmed based on the animal test results. The results of the pilot safety evaluation demonstrate many important points including:
1. A CIC of approximately 90 μC/cm 2 in PBS provides an indication of the required performance for the stimulation electrode based on the safe charge injection for STS.
2. The electrode array should have a curvature to t the eyeball.
3. A stimulation electrode 300 μm in height is suitable for clinical use.
4. A counter electrode 3 mm in length is suitable for clinical use. The metallic case of the implant stimulator may be used as a counter electrode unless the ef ciency of stimulation changes.
5. Methods for enhancing CIC vs. geometrical surface area are required.
6. Development of an implantable recording electrode capable of long-term evaluation is necessary to assess the function of retina exposed to a stimulation current.
7. For STS, compression of the choroid by the electrode implanted in the scleral ap would cause serious damage to the retinal tissue by impairing choroidal blood ow. Observation of the ocular fundus by FP and OCT and evaluation of choroidal blood ow by uorescein fundus angiography or laser speckle owgraphy [16] are helpful in clinical study.
We successfully modi ed the bullet-shaped electrode with improved CIC based on the result of this study. We also performed a semi-chronic study using the evaluation system described herein [17] . Future studies should focus on modi cation of the stimulation electrode array for STS and on chronic safety evaluation for longer than 48 weeks using the novel evaluation system.
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